Abstract For the determination of surface normal temperature gradients, a generic system was built up consisting of two opposed, vertical nozzles impinging onto a flat, horizontal copper plate. From below, the plate was heated by non-reacting, turbulent air jets (Re = 5,000) and by a laminar flame (k = 0.7, Re = 350), respectively. For welldefined boundary conditions, the plate was cooled by a turbulent cold jet from above in both cases. Wall temperature as well as gas temperature distributions within and outside of the thermal boundary layer of the hot side of the system were determined. The radial surface temperature profile of the plate was measured by coating it with thermographic phosphors (TP), materials whose phosphorescence decay time is dependent on their temperature. The TP was excited electronically by a frequency-tripled Nd:YAG laser (355 nm). The temporal decay of the phosphorescence intensity was measured pointwise by a photomultiplier tube. In this case, the 659 nm emission line of Mg 4 FGeO 6 :Mn was monitored. Non-intrusive point measurements of the gas temperature close to the surface were performed by rovibrational coherent anti-Stokes Raman spectroscopy (CARS) of diatomic nitrogen. Beams from a seeded, frequency-doubled Nd:YAG laser (532 nm) and from a modeless broadband dye laser (607 nm) were phase-matched into a surface-parallel, planar-boxcars configuration. The temperature data could be collected as close as 300 lm to the surface. Thermographic phosphors as well as CARS proved to be consistent for wall temperature and boundary layer measurements in all test cases. The results and challenges of this approach are discussed.
Introduction
The non-intrusive determination of the thermal conditions at the wall-gas interface emerges to be an important topic for numerous areas of engineering technologies. Especially for the design of energy transforming applications like gas turbines or internal combustion engines, better data of temperature distribution and heat transfer at the wall are required for the validation of sophisticated modelling and computational simulation. Impinging jets as well as impinging flames represent generic problems for such approaches.
Bizzak and Chyu used a laser-induced fluorescence (LIF) technique to measure the temperature rise of a surface upon a hot air jet and deduced the local Nusselt number (Bizzak and Chyu 1994) . Kwok et al. (2003) , Zhao et al. (2004) and Tuttle et al. (2005) used a heat flux sensor to determine the local heat transfer of an impinging jet flame. Lucht et al. combined CARS and thermocouple measurements to determine temperature gradients and the heat flux close to the wall within internal combustion engines (Lucht et al. 1991) . In 2006 , Brübach et al. (2006 investigated an impinging jet system applying thermographic phosphors and filtered Rayleigh scattering.
For the determination of surface temperatures, there are several well-established approaches such as thermocouples, thermal paints or pyrometers. Thermocouples are easy to handle, but require direct contact with the measurement object, so they are inherently intrusive. Thermal paints indicate temperature associated with colour change. They cannot be used in real time operation and deliver information only on the maximum temperature accessed. Pyrometry is a non-intrusive, non-contact line-of-sight method exploiting the blackbody radiation emitted by an object, but it is limited by the wavelength-dependent emissivity of the surface that is usually unknown. Thermographic phosphor thermometry has been shown to be a semi-intrusive, reliable method for measuring surface temperatures (Allison and Gillies 1997) . TP are rare-earth or transition metal doped ceramic materials, whose phosphorescence decay time and spectral distribution following an (UV) excitation are temperature dependent. Therefore, the temperature of phosphor-coated surfaces can be determined by measuring their luminescence properties after laser excitation. Exploiting the temporal phosphorescence decay time rather than the relative emission line strength has proven to deliver better results in terms of precision and accuracy (Allison and Gillies 1997 ). There exist a vast variety of phosphors, each with a different characteristic range of temperature sensitivity (Allison and Gillies 1997) . In contrast to other phosphors, the decay time of Mg 4 FGeO 6 :Mn is not influenced by oxygen quenching (Brübach et al. 2007 ). Therefore, this material is suitable for applications within systems of varying or unknown gas compositions and within combustion environments, respectively. Surface thermometry based on TP has been used previously in static or moving systems (Noel et al. 1991; Tobin et al. 1990 , Allison et al. 1988 Feist et al. 2003; Omrane et al. 2002a Omrane et al. , b, 2005 Husberg et al. 2005) .
For the measurement of gas temperatures, several nonintrusive optical techniques with high temporal and spatial resolution have been developed, whereas all these methods are not yet systematically characterised concerning their applicability nearby surfaces. One option is the use of Rayleigh scattering. Since this is an elastic process, it is difficult to separate it from spurious light scattered from surfaces, particles or windows. To avoid this problem, filtered Rayleigh scattering was applied in a similar study by Brübach et al. (2006) . In spite of using the filter, problems appeared with interfering light at the surface. Furthermore, the Rayleigh-scattering cross section is species-dependent, hence this technique is difficult to apply in conditions with not precisely known species distribution as it is usually the case for combustion environments. Another option is the use of CARS or LIF thermometry. Using one of these methods, the population of particular quantum states is determined to evaluate the temperature assuming local thermal equilibrium, whereas quenching effects impose a major drawback on LIF approaches. CARS is considered to provide the most accurate and precise optical gas phase temperature measurement. Recently, an optimal CARS system for measurements over a wide temperature range was presented (van Veen and Roekaerts 2005) . The combined application of a seeded pump laser, a modeless broadband dye laser and an echelle spectrometer resulted in a highresolution, low-noise system. It allows simultaneous measurement of the N 2 CARS spectrum and the broadband dye laser profile, whereas simultaneous shot-to-shot referencing of the N 2 spectrum to its excitation profile is possible. Both, accuracy and precision benefit from the hardware design and the data reduction approach of this system, which is applied in the present study.
2 Experimental procedure 2.1 Generic flow/surface configuration According to Fig. 1 , two opposed, vertically orientated nozzles (inner diameter D = 10.5 mm) were mounted perpendicularly below and above a flat, horizontal, round copper plate. To minimise the heat losses from the plate to its mounting, ceramic washers as well as ceramic screw nuts were used. Additionally, the lower nozzle was equipped with a co-flow with a diameter of d = 8D. In a first scenario, the lower nozzle was fed by a Sylvania electrical inline heater to generate hot, turbulent air jets with outlet temperatures of T jetA = 640 K and T jetB = 850 K at an outlet Reylonds number of Re = 5,000. In this case, the velocity of the co-flow amounted to u coflow = 0.50 m/s As shown in Fig. 2 , in a second scenario the nozzle was utilised to provide an impinging, laminar, premixed methane flame ðk ¼ 0:7; Re ¼ 350; u coflow ¼ 0:13 m s Þ: In both cases, the backside of the plate was cooled by the second nozzle providing an impinging air jet with an outlet temperature of T = 294 K and an outlet Reynolds number of Re = 5,000. With regards to comparisons with direct numerical simulations (DNS), no higher Reynolds numbers were applied.
Using a water-based chemical binder (HPC, Zyp Coatings), the lower side of the plate was coated with Mg 4 FGeO 6 :Mn (Osram, München, Germany) along a radial, 1 mm wide line. The thickness of this layer was estimated to be less than 10 lm by comparing the weight of coated and uncoated thin metal foils.
In order to record data at different spatial positions, the rig consisting of the plate and the nozzles was traversed by a three-axes translation device.
Surface temperature measurements
To excite phosphorescence, the third harmonic of a pulsed Nd:YAG laser (Pro270, Quanta Ray, repetition rate: 10 Hz) was used. The beam profile was spatially limited by an aperture with a diameter of 1 mm placed at a distance of 900 mm from the coated surface. The pulse energy was set to 175 lJ per pulse after passing the aperture and was adjusted by a half-wave-plate and a glan polariser. For spatial filtering and for minimising the influence of blackbody radiation and other interfering light, the phosphorescence was imaged onto a pinhole (100 lm) by a photo objective (Fig. 3) . Behind the pinhole, the signal was paralleled by a plano-convex lens and detected by a photomultiplier tube (PMT) after passing an interference filter. The resulting spatial resolution was less than 0.5 mm 9 0.5 mm. A He-Ne laser beam reflection positioned onto the optical axis of the detection system was used to mark the position of the probe volume at the surface. The photomultiplier current was read out by an oscilloscope (5032B, Tektronix) at an input resistance of 500 X. The 659 nm emission line was detected using an interference filter with a central wavelength of k c = 660 nm (FWHM = 10 nm). One hundred single-shots were recorded for each position. For calibration of the temperature-dependent temporal decay constants of the phosphorescence, an accordingly coated probe was heated in an optically accessible tube furnace. The temperature was controlled and referenced by a type N thermocouple directly contacting the probe. Calibration measurements were conducted in steps of 10 K. The temperature/decay time characteristic is presented in Fig. 4 . Fig. 2 Photograph of the hot side of the impinging flame system. The copper plate is mounted by three ceramic screw nuts. It is phosphor coated along a radial line, whereas the bright spot in the centre shows the phosphorescence excited by a laser pulse after passing an aperture. The lower part of the picture shows the nozzle. A diffusion flame is embedding the cone of the rich premixed methane flame. The concentric circles at the surface are discolourations due to high temperature. The white lines show the positions of the axial measurement profiles at r = 0 mm, r = 3 mm and r = 11 mm. For better illustration, the lines were rotated about 90°around the symmetry axis of the system, whereas actually the positions were located along the phosphor layer P M T P h o t o L e n s P i n h o l e I n t e r f e r e n c e f i l t e r H e -N e P l a n o -c o n v e x l e n s 3 5 5 n m 2.3 Gas phase temperature measurements
The CARS system and the data reduction have been described in detail by van Veen et al. (van Veen and Roekaerts 2005) . The present experimental setup was based on an injection-seeded, frequency-doubled Nd:YAG laser (Spectron SL805 SLM), which yields 500 mJ per pulse at 532 nm with a pulse duration of 12 ns at a 10-Hz repetition rate. 80% of the radiation was split off to pump a broadband, modeless dye laser (Mode-X ML-3). By dissolving Rhodamine 640 dye in methanol, the resulting Stokes radiation had a central wavelength of 607 nm to probe the N 2 rovibrational spectrum. The remaining 20% of the pump radiation was used to form two equal-intensity pump beams. The three beams were focused by a 300-mm aplanat in a planar-boxcars phase-matching configuration and were aligned parallel to the surface of the horizontal copper plate. Accordingly, the CARS probe volume can be located as close as possible to the centre of the plate. Based on the geometry of the CARS optics and the plate, the laser beams were calculated to hit the plate when the probe volume was 440 lm away from the surface. Scattering from the plate, however, does not interfere with the CARS signal. Hence, the plate was traversed closer to the probe volume until the CARS signal diminished below the detection threshold. As proven with a razor's edge, a minimum distance to the wall of 300 lm could be attained. The probe volume dimensions were measured to be about 700 lm length and 35 lm diameter. The generated CARS radiation was recollimated and separated from the green pump beam and potential interfering signals by a dichroic mirror, a prism and a band-pass filter. The CARS beam and an attenuated sample of the dye laser beam were combined on a long-wave pass dichroic beam splitter and spectrally dispersed in an echelle spectrometer with cross disperser.
The spectral signals of the two beams were contained in two strips on a CCD detector in the focal plane of the spectrometer. Reading out the strips resulted in a two-array record containing the simultaneously measured N 2 CARS spectrum and the dye laser profile. For each position in space, a measurement file consisted of 1,000 single-shot two-array records.
Evaluation

Surface temperature
For the evaluation of the temperature-dependent phosphorescence decay time s, an algorithm according to Brübach et al. (Brübach et al. 2006 ) was applied. Based on singleshot measurements, the lifetime decay was fitted by a mono-exponential decay using a Levenberg-Marquardt algorithm although in most cases the decay's nature was multi-exponential. However, a mono-exponential fit was preferred, as problems arose with regard to an ambiguous attribution of the different exponential terms in test with bior multi-exponential fitting routines. Applying a monoexponential fit ðIðtÞ ¼ I 0 e À t s Þ to a multi-exponential signal, the evaluated decay time s depends strongly on the beginning as well as on the end of the time window of the fitting routine. For evaluation, a precisely defined time window has to stay consequently the same for all measurements independently from the settings of the data acquisition system (sample rate, observation length, delay between start of the observation window and the laser pulse). Since these parameters cannot be kept constant, the algorithm is only related to the decay time s: The fitting window starts at t = c 1 Ás and ends at t = c 2 Ás. As s is one of the unknown quantities, the fitting routine was applied iteratively. In most cases, the decay time converged within less than 6 steps independently from the first guess of s.
For Mg 4 FGeO 6 :Mn at temperatures below 700 K, the authors optimised the settings to c 1 = 1.5 and c 2 = 4 with regards to a minimised impact of the laser energy at a low shot-to-shot fluctuation. Therefore, these specifications were also used for this study. The shot-to-shot temperature imprecision averaged for all measurement points of the calibration curve amounts to 2 K.
Gas temperature
All preprocessing of CARS spectral data was done with inhouse-built software (van Veen and Roekaerts 2005). The background levels were measured and subtracted from the spectral data. Since a broadband dye laser does not emit a constant intensity over the wavelength range in which the rovibrational Raman resonances are driven, the N 2 CARS spectrum has to be referenced to this intensity profile. To implement simultaneous referencing, methane was used to generate non-resonant spectra from the CARS probe volume. The resulting calibration file consisted of 1,000 pairs of non-resonant spectra and dye laser profiles. Each two-array record was processed to yield the parameters governing the transformation of dye laser profiles in nonresonant spectra, the latter actually being the excitation profiles. The 1,000 sets of parameters were averaged and used to transform the dye laser profiles of the measurement files. Then, in each record of such a measurement file the N 2 CARS spectrum was referenced to its respective excitation profile. DACAPO software (Brüggemann and Heshe 1993) was used to associate the background-corrected, referenced, single-shot spectra with temperatures. Theoretical N 2 spectra were calculated in the range 240-3,000 K in steps of 30 K and were convoluted with the experimentally determined instrument function. An example of a preprocessed spectrum and a fitted theoretical spectrum for T = 600 K is shown in Fig. 5 . Test spectra taken from a premixed methane-air flat flame stabilised on a McKenna burner and from room air confirm the previous findings (van Veen and Roekaerts 2005) of a 1-4% imprecision and a 10-20 K accuracy over a range from flame temperature to room temperature.
Results and discussion
Due to the high heat conduction of copper, the radial surface temperature profiles are quite homogenous for all three cases (Figs. 6, 7, 8) . The spatial variations of the average temperature are in the same order of magnitude as the shot-to-shot standard deviation. In case of the flame, the maximum temperature is at a radial position of r & ±10 mm. For the non-reacting jets, the temperature maximum is in the centre of the plate, whereas the radial surface temperature gradient is larger for jet B. As expected, all temperature profiles are nearly symmetric. The spatially averaged temperature shot-to-shot standard deviation of the flame amounts to r flame = 2.0 K. For the turbulent jets it is higher at r jet A = 2.6 K and r jet B = 3.8 K. This indicates that the turbulence of the gas phase was also affecting the surface temperature.
The gas phase temperatures of the flame are plotted in Fig. 9 . At the centre of the system (radial position r = 0), the temperature is approximately 350 K within the region of unburnt gas close to the nozzle. Above the reaction zone (distance to the surface d \ 10 mm, Fig. 9 ), the temperature matched nearly the adiabatic flame temperature. Within the thermal boundary layer (d \ 5 mm, Fig. 9 , lower plot), the temperature decreases monotonically and approaches the surface temperature measured by phosphor thermometry at d = 0. The profile at r = 3 mm looks similar, although the reaction zone is reached at a further distance from the surface at the outer wings of the premixed flame cone. At r = 11 mm, the lower measurement points are located within the region of the co-flow. Approaching the surface, the measurement volume enters the area of the diffusion flame embedding the premixed flame cone. Within the thermal boundary layer, the gas temperature profiles are very similar to each other and can be extrapolated to the surface temperature at all radial positions. Also, the temperature profiles of the turbulent air jets appear quite consistent (Figs. 10, 11) , even if there are local temperature minima at r = 0 mm in a distance between 0.7 mm \ d \ 1.0 mm from the surface. Albeit these minima were well reproducible, no plausible explanation could be found for this phenomenon. Compared to the flame, the thermal boundary layer is much smaller for the impinging jets and amounts to d & 0.5 mm. Regarding the nonreacting jets, the gas phase temperature profiles can also be extrapolated to the surface temperatures at d = 0.
In the flame scenario, a layer of an approximately linear temperature gradient begins at an axial distance to the surface of d = 1 mm. Regarding the non-reacting jets, this layer is thinner than d = 0.3 mm. Within this region the temperature gradient is approximately 750 K/mm for the flame, whereas it is 600 and 1,000 K/mm for jet A and B, respectively. These values were obtained for the centre of the system. The reasons for a thicker thermal boundary layer in case of the flame are a higher temperature difference between flame and wall, lower Reynolds numbers and mass flows as well as quenching of the reaction of the diffusion flame near the cold plate.
The spatially averaged shot-to-shot standard deviation of the gas phase temperatures amounted to r flame = 63 K for the flame and r jetA = 48 K as well as r jetB = 67 K for the jets, respectively. Whereas for the jets these fluctuations can be attributed to turbulence, in the case of the laminar flame the fluctuations are dominated by the flickering of the flame as these remaining instationarities are very difficult to avoid completely. 
Conclusions
The feasibility of deducing surface normal temperature gradients by combining phosphor thermometry and coherent anti-Stokes Raman spectroscopy was demonstrated. This has been shown for a laminar flame as well as for heated, turbulent, non-reacting jets. The measurement of the surface temperatures showed reliable results with standard deviations of about 2 K for the laminar flame and 2.6 K as well as 3.8 K for the turbulent jets, respectively. The increased shot-to-shot standard deviations indicate an impact of the turbulence on the surface temperature. Symmetric radial temperature profiles were obtained with small variation of the average temperature due to the high heat conduction of copper. Especially for the flame, consistent gas temperature profiles were obtained by CARS thermometry. The shot-to-shot standard deviation was about 60 K. The minimum distance to the surface amounted to 300 lm for the CARS measurements. An extrapolation of the gas temperature profiles to the wall was consistent with the respective surface temperature. In order to investigate the probe volumes closer to the wall, future studies will be conducted using slightly curved surfaces to make allowance for the convergence of the CARS laser beams. Additionally, temperatures at the cold side of the system could be measured to determine the heat flux through the wall and thus to be able to estimate the heat transfer coefficients and the Nusselt numbers, respectively. In a next step, the combination of both measurement techniques will be applied at an optical accessible combustion chamber to prove the applicability in practical environments.
